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Abstract—GFDM and WCP-COQAM are amongst the can-
didate physical layer modulation formats to be used in 5G,
whose claimed lower out-of-band (OOB) emissions are important
with respect to cognitive radio based dynamic spectrum access
solutions. In this study, we compare OFDM, GFDM and WCP-
COQAM in terms of OOB emissions in a fair manner such
that their spectral efficiencies are the same and OOB emis-
sion reduction techniques are applied to all of the modulation
types. Analytical PSD expressions are also correlated with the
simulation based OOB emission results. Maintaining the same
spectral efficiency, carrier frequency offset immunities will also
be compared.
Index Terms—GFDM, out-of-band (OOB) emission, carrier
frequency offset (CFO), WCP-COQAM.
I. INTRODUCTION
THE emergence of 4G telecommunication standards andits applications in commercial standards have enabled
data rates of several hundreds of megabits/s. As the physical
layer modulation technique in those standards, OFDM is
used owing to its robustness against multipath distortion [1].
However, filter bank multi-carrier (FBMC) schemes compete
with orthogonal frequency division multiplexing (OFDM), due
to several reasons, for 5G and other future systems. One
particular reason is that pulse shaping can be applied to have
high spectral containment in FBMC, whereas high spectral
OOB leakage occurs for OFDM because of its rectangu-
lar pulse shape [2]. Moreover, higher spectral efficiency by
omitting the orthogonality requirement in pulse design and
lower complexity in uplink scenarios are some of the other
advantages of FBMC compared to OFDM [2], [3].
Amongst the FBMC methods, a popular one is the general-
ized frequency division multiplexing (GFDM) proposed in [4].
A variant of GFDM called WCP-COQAM, which employs
OQAM type modulation, is proposed in [5]. A significant
advantage of GFDM and WCP-COQAM is claimed to be their
lower OOB radiation compared to OFDM [4], [5]. This is in
accordance with the aforementioned potential of lower OOB
radiation in FBMC schemes.
In all of the aforementioned OOB emission comparisons,
GFDM or WCP-COQAM is compared to OFDM under dif-
ferent spectral efficiency conditions. However, we believe that
a fair comparison with respect to OOB emissions should be
made when the spectral efficiencies of the three modulation
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types are made equal. The details of equating their spectral
efficiencies will be provided in the following sections of
the paper. On the other hand, these schemes should also be
compared in terms of carrier frequency offset (CFO) immunity
for the equal spectral efficiency case, the reason of which will
be clear in the subsequent parts of the paper. Furthermore, in
the existing comparisons between OFDM and GFDM or WCP-
COQAM in literature, windowing and guard symbols insertion
is applied only to GFDM or WCP-COQAM. In this study,
windowing and guard symbol insertion will also be applied to
OFDM in the OOB emission comparisons in order to be fair.
The organization for the remainder of the article is as
follows. First, frame structures of the three modulation types
will be presented. Next, the signal models for the three
modulation schemes will be stated. After that, some analytical
power spectral density (PSD) expressions will be provided to
relate them with the OOB emission results. Finally, the results
concerning OOB emissions and CFO immunity performances
will be presented for the three modulation techniques under
unequal or equal spectral efficiency conditions.
II. GFDM FRAME STRUCTURE
GFDM is a special multicarrier scheme with a structure
that includes cyclic prefix (CP) allowing block equalization at
the receiver, similar to OFDM. However, GFDM is different
from OFDM in that there can be more than one time slots
in a GFDM symbol, whereas there is only one in OFDM.
To illustrate this, an OFDM frame consisting of three OFDM
symbols and a GFDM frame consisting of M “ 3 time slots
with K subcarriers is presented in Fig. 1 and Fig. 2.
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Fig. 1. GFDM frame structure (M “ 3 time slots, K subcarriers)
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Fig. 2. 3 consecutive OFDM symbols with K subcarriers
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As can be inferred from Fig. 1 and Fig. 2, three consecutive
OFDM symbols with K subcarriers should be transmitted
in order to transmit the same number of data symbols as
a single GFDM symbol (or a GFDM frame, two terms are
used interchangeably in this paper) with K subcarriers and
M “ 3 time-slots. Since for each OFDM symbol, there is a
CP overhead, 3 CPs should be transmitted in OFDM, whereas
only a single CP is enough for GFDM. From this point, GFDM
seems to be spectrally more efficient than OFDM. However,
it is also possible to increase the number of subcarriers of
OFDM to M ¨ K keeping the same bandwidth. This will
result in an longer OFDM symbol in time that has the same
duration as a GFDM symbol which corresponds to packing
M ¨ K subcarriers into the same bandwidth. In this case
the spectral efficiencies of OFDM and GFDM will be the
same. Similar arguments also hold between OFDM and WCP-
COQAM frames since the frame structures of GFDM and
WCP-COQAM are the same.
III. SIGNAL MODEL
The transmitted signal for a single GFDM symbol with M
time slots and K subcarriers can be written as [4]
xrns “
K´1ÿ
k“0
M´1ÿ
m“0
dk,mprpn´mKqMKse
´j2pi kn
K (1)
where n “ 0, . . . ,MK ´ 1, dk,m corresponds to the data
symbol transmitted at the kth subcarrier and mth time slot in
the GFDM symbol. The number of time slots and subcarriers
in a GFDM symbol are M and K , respectively. Moreover,
prpn ´mKqMKs denotes circular shift of the pulse shaping
function prns, which is of length MK , by mK with modulo
MK . This equation can also represent OFDM, when M “
1 and prns has a rectangular shape. For WCP-COQAM, the
transmitted signal can be expressed as [5]
xWCP´COQAM rns “
K´1ÿ
k“0
2M´1ÿ
m“0
d˜k,mprpn´mK{2qN se
j2pi k
K
pn´D{2qejφk,m
(2)
where d˜k,m are real valued data symbols, as opposed to
complex valued data symbols in GFDM or OFDM and D “
MK ´ 1 [5]. For the signal model in (2) the windowing
function is neglected for simplicity. Moreover, there is also the
ejφk,m term for which there is no unique selection [6]. One
possible selection is ejφk,m “ pi
2
pk `mq [5], [6]. As can be
inferred from (2), the real valued data symbols are transmitted
with an offset of K{2 samples, which characterizes the effect
of OQAM type modulation.
IV. ANALYTICAL EXPRESSIONS FOR PSD
As mentioned before, the spectral efficiencies of OFDM,
GFDM and WCP-COQAM will be equated by inserting more
subcarriers into the same bandwidth in OFDM. This is possible
if the duration of the OFDM symbol should be increased. This
results in the sinc functions in the frequency spectrum of an
OFDM signal to decay faster, which will have a decreasing
effect on the OOB emissions. On the other hand, since there
will be more subcarriers, the OOB portion of the PSD of
OFDM signal will be composed of the summation of a
larger number of sinc functions, which will result in higher
OOB emissions. Therefore, it is not very straightforward to
conclude whether the OOB emissions will increase or decrease
as a result of the aforementioned two effects. However, we
can directly use analytical expressions to estimate the effect
of increasing the number of subcarriers while keeping the
same bandwidth on the OOB emissions. For rectangular pulse
shaping, power spectral density (PSD) of the OFDM signal
can be written as [7]
Pxpfq “
σ2c
LTs
K´1ÿ
k“0
psincLrpf ´ k∆f qLTssq
2, (3)
where Pxpfq is the PSD of the OFDM signal, σ2c is the
variance of the data symbols, Ts “ 1{Fs is the sampling
period, K is the number of subcarriers, ∆f “ 1KTs is the
frequency spacing between the subcarriers and L is the total
number of samples in OFDM symbol including the time guard
interval (for cyclic prefix or zero-padding). The sincLpfq is
the aliased sinc function defined as
sincLpfq “
$&
%
p´1qfpM ´ 1q, iff P Z
sinppiMfq
Msinppifq
, iff R Z
(4)
If we increase the number of subcarriers, K , to MK , where
M is the number of time slots in GFDM frame, the new PSD
expression for OFDM becomes
Px,eqpfq “
σ2c
L1Ts
MK´1ÿ
k“0
psincL1rpf ´ k∆f{MqL
1Tssq
2, (5)
where L1 “ MpL ´ Nguardq ` Nguard is the total number
of the samples in OFDM symbol with M ¨ K subcarriers,
where Nguard is the number of samples in the time guard
interval. Note that L1 ą L. The mentioned effects of increasing
the number of subcarriers on PSD can also be observed by
comparing (3) and (5). More sinc terms are summed in (5)
compared to (3), which has an increasing effect on the PSD
values at OOB frequencies, whereas the L1Ts multiplier in
the sinc term in (5) being larger than LTs in that of (3)
causes a faster decay for each sinc term. Furthermore, the
1/L’ multiplier in (5) will also decrease the PSD values, but
its effect vanishes if the maximum values of the PSDs are
normalized to 0 dB. In fact, such a normalization ensures the
same average transmitted power. The overall change in the
PSD values can be calculated using (3) and (5) to foresee the
effect of increasing the number of subcarriers in OFDM while
keeping the same bandwidth.
V. SIMULATION RESULTS
A. Unequal Spectral Efficiency Conditions
To see the OOB radiation for OFDM, GFDM and WCP-
COQAM the parameters in Table I are used. Number of
subcarriers, guard subcarriers and cyclic-prefix (CP) length
is chosen from the possible choices specified in the LTE
standard [8]. When guard subcarriers are used in OFDM and
IEEE SIGNAL PROCESSING LETTERS, SUBMITTED DRAFT 2015 3
TABLE I
SIMULATION PARAMETERS
Parameter Value
Total number of subcarriers (K) 128 (Part A) or 1152 (Part B)
No. of guard subcarriers 52 or 684
Pulse Shape RC (with roll-off=0.1)
Constellation 4-QAM
Number of symbols (M) 9
CP length 32
Windowing Hanning, 18 samples from both sides
Spectral estimation method Periodogram
Interpolation filter type RC pulse with roll of 0.1
Interpolation filter duration 81 symbols
No. of Monte-Carlo simulations 300
GFDM they will be denoted as G-OFDM, G-GFDM, respec-
tively. Windowing is also applied to reduce OOB emissions.
Windowed versions will be represented as W-OFDM and W-
GFDM (windowing is present by default in WCP-COQAM)
and the results for which both windowing and guards symbols
are used will be referred to as GW-OFDM, GW-GFDM and
GWCP-COQAM. RC pulse is used for GFDM and WCP-
COQAM. However, since it is a non-orthogonal pulse, discrete
Zak transform (DZT) based orthogonalization methods in [9]
is applied to RC pulse to be used with WCP-COQAM to
yield both time-frequency well localized and orthogonal pulse
causing zero inter-symbol interference (ISI) and inter-carrier
interference (ICI).
One other important point is how oversampling is done
to see the frequency ranges larger than the transmission
bandwidth. In our simulations, time-domain signals are six-
fold oversampled using an RC filter of length 81 symbols.
However, after filtering, the samples are truncated from both
sides, in order that the total number of samples is 6 times the
number of samples in the signals that are not oversampled.
Otherwise, depending on the length of the interpolation filter,
OFDM, GFDM or WCP-COQAM symbols would leak to the
neighbouring symbols, which will require additional cyclic
prefix length that will decrease the overall spectral efficiency.
Furthermore, if such a truncation is not made, interpolation
filter itself would give the effect of windowing, which can
convey results that windowing has little or no effect in terms
of OOB emissions. Using the aforementioned parameters and
methods the OOB emissions for unequal spectral efficiency
case are obtained as in Fig. 3. Note that the maximum value
of the PSDs are normalized to 0 dB. Moreover, the frequency
axis is normalized with respect the the sampling frequency Fs.
As can be seen on Fig. 3, there is about 9 dB advantage of
GFDM over OFDM or G-GFDM over G-OFDM in terms of
the PSD values at f “ ˘3Fs. When windowing is applied,
W-GFDM and WCP-COQAM has about 7 dB lower PSD
values compared to W-OFDM. These results promote the use
of GFDM or WCP-COQAM in terms of OOB emissions as
also pointed out in [4], [5]. However, when both guard symbol
insertion and windowing is applied, which is the common
practice, the PSD values for the three modulation types are
−3 −2 −1 0 1 2 3
−100
−90
−80
−70
−60
−50
−40
−30
−20
−10
0
Frequency (F
s
)
PS
D(
dB
)
 
 
OFDM
G−OFDM
GFDM
G−GFDM
W−OFDM
W−GFDM
WCP−COQAM
GW−OFDM
GW−GFDM
GWCP−COQAM
GW−OFDM
GW−GFDM
GWCP−COQAM
WCP−COQAM
W−GFDM
Fig. 3. PSD for OFDM, GFDM and WCP-COQAM under different spectral
efficiency conditions
the same, which can be seen from the PSD curves named
as GW-OFDM, GW-GFDM and GWCP-COQAM in Fig.3.
Therefore, it can be stated that, for unequal spectral efficiency
conditions specified, the OOB emissions of OFDM, GFDM
and WCP-COQAM are similar when both windowing and
guard symbol insertion techniques are used. However, when
neither windowing nor guard symbol insertion is used, there
is an advantage for GFDM or WCP-COQAM compared to
OFDM.
B. Equal Spectral Efficiency Conditions
To equate the spectral efficiencies, the number of subcarriers
in OFDM is increased to M ¨K as stated before. This means
that 128 ˆ 9 “ 1152 subcarriers should be transmitted with
OFDM. In LTE standard, although a transmission with such
a number of subcarriers are not supported, the ratio of the
number of occupied and total subcarriers in unequal spectral
efficiency case, which is 76/128, is maintained to have 684
(76/128*9=684) occupied subcarriers in OFDM. For GFDM
or WCP-COQAM, the transmission parameters are selected
to be the same as in Part V-A. For these parameters, OOB
emissions are observed as in Fig. 4.
As can be observed from Fig. 4, the PSD values for the three
modulation types are the same whether guard symbol insertion
and/or windowing is applied or not. Furthermore, the PSD
values for OFDM at f “ ˘2Fs for unequal or equal spectral
efficiency cases are calculated by replacing L “ 128 ` 32,
K “ 128, M “ 9, L1 “ 1152` 32 in (3) and (5) which has
yielded a PSD difference about 7.8 dB at f “ ˘2Fs. In fact,
this value is obtained when the multiplier terms σ2c{LTs or
σ2c{pL
1Tsq in (3) and (5) are taken to be equal since maximum
PSD values obtained from the simulations are normalized to
0 dB. This value (7.8 dB) can also be observed when the PSD
values of OFDM without windowing or guard symbol insertion
in Fig. 3 and Fig. 4 at f “ ˘2Fs are compared. Therefore, the
OOB emission change for OFDM between unequal and equal
spectral efficiency cases that are expected from (3) and (5) is
consistent with the Monte-Carlo based simulation results.
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At this point, one may ask whether the CFO immunity for
OFDM will be compromised, when the number of subcarriers
in OFDM are increased to ensure the same spectral efficiency.
This corresponds to packing more subcarriers into the same
bandwidth for OFDM, which results in an increased CFO
sensitivity. However, for GFDM or WCP-COQAM, although
there are a smaller number of subcarriers compared to OFDM,
the ISI between the time slot symbols within a GFDM or
WCP-COQAM symbol will also be increased under CFO.
Therefore, it is not very straightforward to make a conclu-
sion in terms of the performance degradations of the two
modulation schemes under CFO. Towards this end, with the
parameters used in equal spectral efficiency case in OOB
simulations, uncoded symbol error rate (SER) vs signal to
noise ratio (SNR) performances in the static ISI COST-207
hilly terrain model channel [10] for OFDM, GFDM and WCP-
COQAM are obtained as in Fig. 5. Perfect channel knowledge
is assumed and single-tap zero forcing type equalization is
performed at the receiver side. Different GFDM receiver types,
namely matched filter receiver (GFDM-MF) [4], zero-forcing
(GFDM-ZF) [4], matched filter followed by an interference
cancellation receiver (GFDM-MF-DSIC) [11] with three iter-
ations are used. The analytical AWGN performance of OFDM
(indicated as OFDM-AWGN in Fig.5) is borrowed from [12].
Moreover, δf represents the subcarrier spacing in Fig. 4.
Observed from Fig. 5, as CFO increases, OFDM does
not perform worse than the other modulation schemes with
different receiver types. This shows that although the number
of subcarriers in OFDM are significantly higher than GFDM or
WCP-COQAM, OFDM does not exhibit a worse CFO immu-
nity performance compared to GFDM or WCP-COQAM, since
the ISI between the time slots in GFDM or WCP-COQAM
also occur owing to CFO. This validates the fairness of the
comparison between OFDM, GFDM and WCP-COQAM in
terms of their OOB radiation levels under the same spectral
efficiency conditions. One may also note that the conclusions
that we draw will change according to the selection of the
pulse shape. With the same simulation parameters, we have
obtained similar results for RRC (with roll-off 0.1 or 0.3),
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Fig. 5. SER v.s SNR for OFDM, GFDM and WCP-COQAM with parameters
in Table I under equal spectral efficiency conditions
Dirichlet or Gaussian pulses in terms of the OOB emission and
CFO immunity performances of the three modulation schemes.
VI. CONCLUSION
In this work, 5G candidate modulation schemes, GFDM
and WCP-COQAM are compared to OFDM in terms of OOB
radiation levels. Unlike the ones in literature, we make these
comparisons under the same spectral efficiency conditions and
apply OOB emission suppression techniques to all three mod-
ulation types to reach fair comparison grounds. Moreover, we
also calculate the effect of changing the number of subcarriers
in OFDM to ensure equal spectral efficiency on the PSD of
OFDM signal based on analytic PSD expressions. The OOB
emission results conveyed that GFDM and WCP-COQAM
are superior to OFDM for the unequal spectral efficiency
case, although they have the same OOB radiation performance
when windowing and guard symbol insertion techniques are
applied. However, when their spectral efficiencies are set
equal, the OOB emissions of the three modulation schemes
are observed to be very similar regardless of the application of
windowing and guard symbol insertion techniques. The CFO
immunity comparisons for the equal spectral efficiency case
further validated the fairness in OOB emission comparisons. In
conclusion, despite having higher complexity, GFDM or WCP-
COQAM has no significant OOB emission advantage over
OFDM under equal spectral efficiency. The same conclusion
holds for the unequal spectral efficiency case when standard
windowing and guard symbol insertion techniques are utilized.
REFERENCES
[1] R. V. Nee and R. Prasad, OFDM for Wireless Multimedia Communica-
tions. Norwood, MA, USA: Artech House, Inc., 2004.
[2] B. Farhang-Boroujeny, “OFDM versus filter bank multicarrier,” IEEE
Signal Process. Mag., vol. 28, no. 3, pp. 92–112, May. 2011.
[3] A. Barbieri, D. Fertonani, and G. Colavolpe, “Time-frequency pack-
ing for linear modulations: spectral efficiency and practical detection
schemes,” IEEE Trans. Commun., vol. 57, no. 10, pp. 2951–2959, Oct.
2009.
IEEE SIGNAL PROCESSING LETTERS, SUBMITTED DRAFT 2015 5
[4] N. Michailow, M. Matthe, I. Gaspar, A. Caldevilla, L. Mendes, A. Fes-
tag, and G. Fettweis, “Generalized frequency division multiplexing for
5th generation cellular networks,” IEEE Trans. Commun., vol. 62, no. 9,
pp. 3045–3061, Sept. 2014.
[5] H. Lin and P. Siohan, “Multi-carrier modulation analysis and WCP-
COQAM proposal,” EURASIP J. Appl. Signal Process., vol. 2014, no. 1,
pp. 1–19, May. 2014.
[6] P. Siohan, C. Siclet, and N. Lacaille, “Analysis and design of
OFDM/OQAM systems based on filterbank theory,” IEEE Trans. Signal
Process., vol. 50, no. 5, pp. 1170–1183, May. 2002.
[7] G. Cuypers, K. Vanbleu, G. Ysebaert, and M. Moonen, “Intra-symbol
windowing for egress reduction in dmt transmitters,” EURASIP J. Appl.
Signal Process., vol. 2006, pp. 87–87, Jan. 2006.
[8] LTE; Evolved Universal Terrestrial Radio Access (E-UTRA): User
Equipment (UE) radio transmission and reception, 3GPP TS 36.101,
version 8.10.0, Release 8, 2010.
[9] H. Bo¨lcskei, P. Duhamel, and R. Hleiss, “Orthogonalization of
OFDM/OQAM pulse shaping filters using the discrete Zak transform,”
Signal Process., vol. 83, no. 7, pp. 1379 – 1391, Jul. 2003.
[10] J. Proakis, Digital Communications, 5th ed. New York, NY, USA:
McGraw-Hill, 2007.
[11] B. M. Alves, L. L. Mendes, D. A. Guimaraes, and I. S. Gaspar,
“Performance of GFDM over frequency selective channels,” in Proc.
Int. Workshop Telecommun., May. 2013.
[12] A. R. Bahai and B. R. Saltzberg, Multi-Carrier Digital Communications:
Theory and Applications of OFDM. Norwell, MA: Kluwer, 1999.
−3 −2 −1 0 1 2 3
−100
−90
−80
−70
−60
−50
−40
−30
−20
−10
0
Frequency (F
s
)
PS
D(
dB
)
 
 
OFDM
G−OFDM
GFDM
G−GFDM
W−OFDM
W−GFDM
WCP−COQAM
GW−OFDM
GW−GFDM
GWCP−COQAM
GW−OFDM
GW−GFDM
GWCP−COQAM
WCP−COQAM
W−GFDM
−3 −2 −1 0 1 2 3
−100
−90
−80
−70
−60
−50
−40
−30
−20
−10
0
PSD Periodogram estimates dB
Normalized frequency (1/T)
PS
D(
dB
)
 
 
OFDM
GFDM
G−OFDM
G−GFDM
W−OFDM
W−GFDM
GW−OFDM
GW−GFDM
